We report on the capillary-driven levelling of a topographical perturbation at the surface of a free-standing liquid nanofilm. The width of a stepped surface profile is found to evolve as the square root of time. The hydrodynamic model is in excellent agreement with the experimental data. In addition to exhibiting an analogy with diffusive processes, this novel system serves as a precise nanoprobe for the rheology of liquids at interfaces in a configuration that avoids substrate effects.
Continuum fluid dynamics provides a remarkably accurate description of flows from nanometric to astronomical length scales, and can accommodate a variety of forces and effects such as inertia, gravity, surface tension, viscosity, etc. Capillary-driven flows mediated by viscosity represent a particularly interesting situation as these two mechanisms dominate at small length scales and thus in several biological systems and technologically relevant applications [1, 2] . They also underlie conceptually simple experiments that probe physics at interfaces and in confinement, such as the motion of molecules in a liquid near a solid boundary [3] , or the universal coalescence of droplets [4] . Moreover, the thin-film geometry allows for an important simplification since the in-plane flow dominates [5] . In this so-called lubrication approximation, the dynamics is solely controlled by the ratio of the film-air surface tension to viscosity, known as the capillary velocity v c = γ/η, and the film thickness which sets the characteristic length scale.
Until now, research has been largely focused on thin films supported on solid substrates [6, 7] . One way to probe the dynamics of such a film is to apply an external stress and to measure the departure from the initial state. Measurements can be achieved through a variety of experimental techniques, such as the dynamic surface forces apparatus [8] , including substrate elasticity [9] , nanoparticle embedding [10] , electrohydrodynamic instability [11] [12] [13] , unfavorable wetting conditions [3, [14] [15] [16] [17] [18] [19] , and Marangoni flow [20, 21] . Alternatively, the dynamics of a thin coating of liquid can be probed by starting with an out-of-equilibrium surface topography and observing the film as it relaxes towards equilibrium [22] [23] [24] [25] [26] [27] [28] . All the above approaches can be used to study physical properties such as the glass transition [10, 23, 25, 28] , viscoelasticity [27] , and interfacial molecular friction [3, 19] .
In contrast to these studies, one could examine capillary-driven flows mediated by viscosity in a configuration with no substrate effect: a free-standing film. Flow in such a geometry has been previously studied for liquids with some internal structure that stabilizes the film against rupture, such as soap films [29] [30] [31] [32] [33] [34] [35] , or liquidcrystal films [36] [37] [38] , but this structure has necessarily a significant impact on the dynamics. Designing homogeneous isotropic free-standing liquid nanofilms presents experimental challenges in their creation, stability, and observation, as the techniques used for supported films typically do not work. Nevertheless, this geometry remains highly compelling as a way to study fundamental phenomena without substrate-induced artifacts. For instance, the glass-transition temperature reductions observed for supported films [39] are more pronounced for free-standing films [40] . Also, due to the absence of any liquid-substrate interaction, confinement effects of polymeric liquids [41] [42] [43] [44] may be addressed in an ideal way using free-standing films [45, 46] . Furthermore, the interfaces of a free-standing film are the perfect realization of infinite-slip-length boundaries, and their behaviour can shed light on theoretical predictions [47] [48] [49] [50] . Finally, this technique has the potential to resolve questions such as the influence of thermal noise at interfaces [51] [52] [53] .
In this Letter, we report on a novel capillary-levelling experiment involving free-standing stepped nanofilms. First, using atomic force microscopy (AFM), we empirically determine the scaling law for the width evolution of the prepared samples. Then, we derive a hydrodynamic model showing excellent agreement with experimental data. The only adjustable parameter is the capillary velocity, which allows the system to be used as a rheological nanoprobe. Finally, by performing simultaneous experiments on both supported and free-standing films, we self-consistently confirm the robustness of the technique.
Free-standing stepped films are prepared using a protocol inspired in part from [54] . Here, thin polystyrene (PS) films, with thickness in the 100 − 500 nm range, are spincoated from dilute PS (Polymer Source, Canada, with weight-averaged molecular weight 55 kg/mol) solution in toluene onto freshly cleaved mica (Ted Pella, USA), and pre-annealed for at least ten minutes on a hot stage (Linkham, UK) at 140
• C, well above the glass-transition temperature T g ≈ 100
• C of the material. After annealing, the films are floated onto a deionized water bath (18.2 MΩ cm, Pall, USA) and picked up onto custommachined stainless steel grids. Each grid has 85 hexagonal holes (∼ 1 mm across) that allow the simultaneous preparation of ∼ 85 isolated free-standing samples. All results described here are obtained from the few films that remain stable against spontaneous rupture over the course of the entire experiment. After floating a film with thickness h 1 onto the grid, it is heated above T g to remove wrinkles. A second film with thickness h 2 and a sharp edge [55] is then floated atop the first film, as schematically shown in Fig. 1(a) . The free-standing stepped film is then annealed at 110
• C on the hot stage for a time t. To vertically equilibrate the pressure, the film rapidly symmetrizes into two mirrored steps as depicted in Fig. 1(b) . Because the vertical length scale is orders of magnitude smaller than the typical horizontal one, the vertical symmetrization occurs rapidly on experimental time scales and is not resolved.
The presence of an excess interfacial area with respect to the flat equilibrium state drives flow, thus causing the profile to broaden laterally over time, as shown schematically in Fig. 1(c) . After a chosen evolution time, each film is then cooled rapidly (> 90
• C/min) from 110
• C to room temperature, deep into the glassy state, and the profile is imaged using AFM (Veeco Caliber, USA), with all sources of vibrations minimized. Then, the sample is placed back on the hot stage and rapidly heated above T g to continue the levelling process. Because appreciable flow does not occur at room temperature, the film can be intermittently imaged this way.
Previous experiments on stepped films supported on a substrate [26] have shown that the width w of the profile increases with a 1/4 power law in time:
where h 2 is the thickness of the top film as in Fig 1(a) , and where the missing numerical prefactor depends on the aspect ratio h 2 /h 1 . Equation (1) is obtained from the capillary-driven thin-film equation [5] [6] [7] , which results from the incompressible Stokes equation in the lubrication approximation, together with a no-slip boundary condition at the solid-liquid interface and no shear stress at the liquid-air interface. In that case, there is a nearly unidirectional flow with a parabolic velocity profile within the film. For the free-standing stepped-film experiments studied here, a typical temporal evolution is shown in Fig. 1(d) . To characterize the broadening, the width w of the profile [54] is defined ( Fig. 1(d) , inset) and recorded as a function of time. As seen in Fig. 2 , the evolution is consistent with a t 1/2 power law. Also shown are the results for two other thicknesses (keeping h 1 = h 2 ). Each dataset is then fit to w = (M t) 1/2 , where the mobility M is a free parameter that is found to scale linearly with h 2 (Fig. 2,  inset) . Using dimensional analysis, this empirically gives:
where the missing prefactor is expected to depend on h 2 /h 1 . This scaling is similar to Eq. (1), but with a different power-law exponent. There is a stronger dependence on time in free-standing films compared to supported films, which is consistent with the former flowing more easily due to the unconstrained boundaries. Motivated by the empirical scaling of Eq. (2), we now turn to the theoretical description. Let us consider a symmetric free-standing film of total thickness 2 h(x, t) ( Fig. 1(c) ) that viscously flows under the action of liquidair surface tension. According to previous research on free-standing geometries [47, 50] that invoke long-wave theory, the Young-Laplace equation in the small-slope approximation, as well as a no-shear boundary condition at each liquid-air interface, the mass and momentum conservations, respectively, lead to two coupled nonlinear equations:
where u(x, t) is the horizontal component of the fluid velocity, and where the subscripts · x and · t indicate the corresponding partial derivatives. Note the equivalence of these equations with the ones describing the infiniteslip-length flow in supported films of thickness h(x, t) [48, 49] , in the absence of disjoining pressure. Let us linearize Eqs. (3) and (4) around the flat equilibrium state characterized by h = h eq = h 1 /2 + h 2 /4 and u = u eq = 0, where we assume that h 2 /4 << h eq . Doing so, one gets a diffusive-like free-standing thin-film equation for the film thickness:
Equation (5) can be solved analytically with the boundary conditions of Fig. 1(b) , to arrive at:
As seen in Fig. 3 , Eq. (6) fits the experimental data remarkably well for a sample with h 1 = 681 nm and h 2 = 92 nm, and the x/t 1/2 self-similarity is confirmed   FIG. 3 . Normalized long-time experimental height profiles as a function of the self-similar variable x/t 1/2 , at several times and for two different geometries as indicated. The light/yellow dashed line represents a fit using Eq. (6). The dark/green dashed line indicates a fit using the numerical solution of Eqs. (7) and (8) for the h1 = h2 case.
by the collapse of the profiles at two different times. The single fit parameter v c will be studied in detail below.
We now turn to the general nonlinear case. Let us first nondimensionalize Eqs. (3) and (4) through: h = Hh 1 /2, x = Xh 1 /2, u = U v c /4, and t = 2T h 1 /v c . Inspired by the linear case above, and by the empirical scaling of Eq. (2), we make the following self-similarity ansatz [56] : H(X, T ) = F (S), and U (X, T ) = Q(S)/T 1/2 , where S = X/T 1/2 . Assuming further that Q , F , and F vanish as S → −∞, while by construction lim S→−∞ F = 1, Eqs. (3) and (4) become:
We solve these equations using a one-parameter shooting method. In fact, as S → −∞, Eqs. (7) and (8) can be linearized around the boundary conditions F = 1 and Q = 0. The approximate far-field solution is F 1 + c[1 + erf(S/2)], together with Q = −F , where c is an unknown constant. This analysis allows us to evaluate F and Q at the left boundary of the integration domain (−S 1). For an arbitrary c, one can thus integrate Eqs. (7) and (8) numerically using a Runge-Kutta scheme. We then shoot over c until the numerical solution reaches the proper limit, lim S→+∞ F = 1 + h 2 /h 1 , at the right boundary of the integration domain (S 1). Figure 3 shows the long-time experimental profiles of the h 1 = h 2 = 176 nm geometry of Fig. 1(d) . The normalized height is plotted against the self-similar variable x/t 1/2 , for three different annealing times. The profiles collapse onto a single master curve -thus confirming the selfsimilarity ansatz -and are in full agreement with the numerical solution. The vertical discrepancy is less than 1 nm, even after the hundreds of hours of flow in the experiments, and there is a comparable level of agreement (not shown) for the two other h 1 = h 2 geometries introduced in Fig. 2 .
A final self-consistency check is performed in order to ensure the accuracy on the single fit parameter v c extracted from the comparison with theory. As a material property of the film in contact with air, it should not depend on the presence of an additional substratefilm interface. Stepped PS films (55 kg/mol, h 1 = h 2 = 390 nm) are thus prepared in free-standing and substratesupported (on Silicon wafers or ∼ 4µm-thick polysulfone films) configurations. Both are annealed side-by-side, at the same time, in a vacuum oven at 120
• C. The profiles are measured after 735 and 1485 minutes to confirm self-similarity. Figure 4(a) shows the results for the supported case. The normalized height profile is plotted as a function of the self-similar variable x/t 1/4 of Eq. (1). The numerical profile [57] is fit to the experimental data with one single free parameter: v c = 0.068 ± 0.010 µm/min. Figure 4 (b) shows the results for the free-standing case. The normalized height profile is plotted as a function of the self-similar variable x/t 1/2 of Eq. (2). The numerical solution of Eqs. (7) and (8) described above is fit to the experimental data with one single free parameter: v c = 0.087 ± 0.012 µm/min. Note the difference between the profile shapes of both cases, reflecting the different orders in the governing equations. Together with the excellent fit qualities, the fact that both cases give the same capillary velocity within experimental error proves: i) the robustness of the free-standing stepped-film technique as a rheological nanoprobe; and ii) the validity of the hydrodynamic model.
In conclusion, we report on capillary-driven viscous flow in polystyrene free-standing stepped nanofilms. Above the glass-transition temperature, the surface profiles broaden with a characteristic t 1/2 power law, as measured by AFM. This response differs significantly from the t 1/4 power law of substrate-supported films with a no-slip liquid-solid boundary condition. The hydrodynamic model is found to be in excellent agreement with experimental data. Finally, the capillary velocity γ/η is robustly and accurately extracted from the comparison with theory. We expect this novel system to be of fundamental interest for three reasons: first, it presents a striking analogy with diffusive processes; secondly, it embodies a perfect realization of the infinite-slip-length limit of low-Reynolds-number thin-film hydrodynamics and, as such, it is a test of the associated theoretical predictions; thirdly, by avoiding substrate-induced artifacts, it may serve as a precise nanoprobe for addressing fundamental questions about complex fluids and glass formers in confinement and at interfaces.
The authors thank Martin Brinkmann and René Ledesma-Alonso for interesting discussions, and gratefully acknowledge the financial support from NSERC of Canada and the Global Station for Soft Matter, a project of Global Institution for Collaborative Research and Education at Hokkaido University.
